The activity of the c-Myb transcription factor is essential for the development of de®nitive multi-and uni-lineage progenitors of the haemopoietic system. Re¯ecting this requirement, c-Myb has been oncogenically activated by transduction in the E26 avian retrovirus which elicits an acute leukaemia by transforming haemopoietic progenitors. Here, we report the novel ®nding that Myb in cooperation with EGF receptor signalling can be used to generate clonally expanded populations of transformed cells which have the phenotype of melanocyte precursors. Through the use of a conditional temperature sensitive mutant of Myb, we show that in the transformed cells Myb regulates commitment to melanocyte dierentiation and possibly proliferation. These results add to our understanding of the roles of c-Myb beyond the haemopoietic system and to our knowledge and means of investigating the importance of transcription factors in the melanocyte linage.
Introduction
The occurrence of a wide range of avian leukaemiainducing retroviruses (Beug et al., 1979) , which often have an activated version of a transcription factor as their transduced oncogenic component, has added greatly to the repertoire of tools for the investigation of transcription factor involvement in haemopoiesis. cMyb is a prime example of such a transcription factor, having been activated and transduced in two avian acute leukaemia viruses (Beug et al., 1979) . One of these, E26, contains a truncated c-myb gene (v-myb) fused to residues derived from the c-Ets1 protooncogene. When used to infect 2-day-old chick embryo cells in vitro the E26 virus induces the clonal expansion of cells with a very immature progenitor phenotype which can give rise to erythrocytes, eosinophils, thrombocytes and myeloblasts Kraut et al., 1994; Frampton et al., 1995) . Involvement of c-Myb in multi-lineage progenitors of this type is consistent with observations from other systems, especially the phenotype of mice homozygous for a defective c-myb allele which die in utero from failure to establish de®nitive haemopoiesis (Mucenski et al., 1991) .
Aside from the haemopoietic system, there is a growing list of vertebrate tissues which express c-Myb at some stage in their development; this now includes the developing ear, the neuroretina, the lung epithelium, the colon, aortic smooth muscle cells, the thyroid and hair follicles (Thompson and Ramsay, 1995; Ess et al., 1999) . Indeed, both of the viral forms of c-Myb have been shown to be capable of inducing bFGFdependent proliferation of chick neuroretinal cells (Amouyel et al., 1989; Garrido et al., 1992a) and of cooperating with v-Myc to elicit neuroretinal cell transformation (Garrido et al., 1992b) . Furthermore, from observations of micro deletions in the attenuator region of the c-myb locus in colon tumours it has been implied that c-Myb may play a part in oncogenesis in tissues other than the haemopoietic system (Thompson et al., 1997) .
Here we report the unexpected ®nding that E26 vMyb, in cooperation with erbB or the EGF signalling through its receptor, also transforms chick embryonic cells to produce clones of highly proliferative cells phenotypically indistinguishable from pre-melanocytes or melanoblasts. By use of a conditional v-Myb mutant, we show that in the absence of active v-Myb these cells dierentiate to melanocytes. We thus identify Myb as a transcription factor of importance to the development and maintenance of at least one lineage of progenitor cells derived from the neural crest, a transient developmental tissue which, like the haemopoietic system, gives rise to progenitors which dierentiate into melanocytes, but also other cell types such as sensory and autonomic neural cells, stromal cells of the thymus, thyroid endocrine cells, smooth muscle and cartilage.
Our observation of v-Myb transformation of melanocyte precursors is discussed in light of a number of circumstantial observations in human melanomas which have suggested c-Myb involvement. We also consider how the ability to expand pure populations of cells representing melanoblasts should provide a novel tool for studies of dierentiation within this developmental process. commitment to dierentiation of multilineage progenitors along the thrombocytic lineage (Beug et al., 1987; Frampton et al., 1995) .
At 378C in the presence of EGF, but in the absence of chicken serum, we observed that the tsMyb/EGFR virus transformed burst-like colonies 10 days after infection (Figure 1b ). Each embryo gave rise to an average of 20 colonies. These colonies consisted of non-adherent clusters, a proportion of which appeared to dierentiate spontaneously into brown pigmented cells and a number of adherent cells (Figure 1b,c) . The burst-like colonies arose from all axial levels and were reproducibly detected when embryos between stages 12 and 18 were used whilst no colonies were detected after infection of embryos beyond stage 23 (data not shown). Individual colonies could be readily isolated and expanded to numbers in excess of 10 8 . Interestingly, there is an absolute requirement for methylcellulose which could be titrated from 2.5 ± 0.3% with little change in proliferation, but in the absence of methylcellulose growth ceased (data not shown).
The v-Myb transformed cells dierentiate to pigmented cells under the control of Myb
Microscopic examination of May-GruÈ nwald Giemsa stained cytospin preparations of cells grown in the presence of EGF at 378C clearly showed signs of dierentiation upon Myb inactivation brought about by shifting to the non-permissive temperature of 428C. At 378C the cells were of a rounded, blast-like morphology with well-de®ned nuclei (Figure 2a ), whereas after growth at 428C for 48 h, cells assumed a smaller and more irregular shape, many acquiring cytoplasmic granules (Figure 2b ).
To investigate the respective contributions of tsMyb and EGFR in the maintenance of these cells we seeded culture dishes with identical numbers of cells, and examined the phenotype at both 378C and 428C in the presence of EGF and at 378C in the absence of EGF (Figure 3 ). Incubation at 428C for 48 h in the presence of EGF resulted in the increased production of brown pigmented cells in clusters (compare Figure 3a,b) . In the absence of EGF, cell growth appeared to be reduced (Figure 3c ). That the appearance of brown pigmented granules at 428C is related to dierentiation towards melanocytes was suggested by the observation that the melanocytespeci®c monoclonal antibody Mel-EM, although only giving weak results in indirect immuno¯uorescence (Nataf et al., 1993 (Nataf et al., , 1995 , showed a signi®cantly increased binding to intracellular antigen upon shifting to 428C, whereas the absence of EGF had little eect (data not shown).
These morphological studies and the preliminary characterization pointed towards the tsMyb/EGFR transformed cells being on the melanocyte lineage, and the fact that terminal dierentiation is regulated by the activity of v-Myb.
The transformed and dierentiating cells express melanocyte markers
Next we used RT ± PCR and Northern blotting analysis of RNA puri®ed from the transformed cells to further examine the phenotype, in particular as it relates to the melanocyte lineage. Figure 4a illustrates the RT ± PCR analysis that we performed on RNA from tsMyb/EGFR cells grown at both 378C and 428C. This analysis detected expression of tyrosinase (1006) which is required for the synthesis of melanin, the slug zinc ®nger protein which is expressed on migrating neural crest cells (Nieto et al., 1994) , the bHLH protein Mitf which is essential for melanocyte dierentiation (Opdecamp et al., 1997) , the endothelin receptor (EDNRB2, Lecoin et al., 1998 ), melanotransferrin (EOS47, McNagny et al., 1996 , the chicken homologue of the melanoma associated antigen MUC18 (HEMCAM, Vainio et al., 1996) and c-Myb. We also consistently detected the expression of HEMCAM using the antibody JS3 (not shown). By Northern blotting (Figure 4b ) we were also able to demonstrate expression of RNA encoding the melanosomal matrix protein MMP115 (Mochii et al., 1988) and to show that it is signi®cantly up-regulated in tsMyb/EGFR cells at 428C. Melanocytes are Kit-dependent in culture, however, although RT ± PCR analyses showed the presence of c-kit mRNA (Figure 4a ), we were unable to demonstrate c-Kit expression at the cell surface by immunocytochemistry and this correlated with an observed lack of dependence on SCF for growth or dierentiation (data not shown).
Taken together these results con®rm that the novel transformed cells can give rise to melanocytes, and that v-Myb is either regulating the dierentiation of a committed melanocyte precursor, or is governing the commitment of a progenitor cell which is not yet committed to melanocyte dierentiation.
Undierentiated cells express markers characteristic of the early melanocyte lineage/neural crest
To study more fully the nature of the transformed, undierentiated cell, we made use of a number of reagents developed for the study of avian neural crest cells, which include melanocytes and their precursors. Firstly, we examined the expression of the HNK-1 antigen (Abo et al., 1981) which is expressed on migratory neural crest cells and some terminally dierentiated derivatives, but has been observed to be down-regulated following terminal melanocyte dierentiation (Vincent and Thiery, 1984) . HNK immunoreactivity was detected by in situ immunocytochemistry on cells growing at 378C and dropped to insigni®cant levels at 428C both in the presence and absence of EGF (Figure 5a compared to b and c compared to d). Since most of the HNK-positive cells uoresced only weakly, we quanti®ed HNK expression using indirect immuno¯uorescence as analysed by¯ow cytometry (Figure 5e ,f). That HNK down-regulation is related to the loss of activity of Myb is indicated by the observation that equivalent cells transformed by a non-temperature-sensitive virus (wtMyb/erbB) maintained signi®cant levels of HNK expression at the HNK expression is also found on pigmented retinal cells and neuronal cells, as well as the myelomonocytic lineage of haemopoietic cells. Embryonic retinal cells were eliminated by the removal of heads from embryos prior to infection. To eliminate a haemopoietic origin for the transformed cells we screened them with a broad range of antibodies recognizing haemopoietic markers including MEP21, MEP26, MYL51/2 and MEP17 ; none of these antigens could be detected (data not shown).
We also detected vitronectin receptor (integrin avb3) on the transformed cells using the monoclonal antibody 23C6 (Horton et al., 1985) ; this is often expressed upon human melanomas and has been implicated in the aggressiveness of these tumours (Seftor et al., 1992) . For most clones the staining with the 23C6 antibody increased upon v-Myb inactivation indicating dierentiation, but decreased in the absence of EGF again suggesting the maintenance of an undifferentiated phenotype (Figure 5f ).
v-Myb activity aects proliferation of the transformed cells
v-Myb transformed multilineage progenitors (MEPs) undergo dierentiation when shifted from 37 ± 428C, but continue to cycle for 4 ± 5 divisions. In contrast, v-Myb-transformed bipotential myeloblasts enter into terminal macrophage and granulocyte dierentiation and exit the cell cycle (Frampton et al., 1995 . We therefore measured incorporation of bromodeoxyuridine (BrdU) in conjunction with propidium iodide intercalation to examine the response of the melanoblasts in terms of their progress through the cell cycle, especially to judge, as in tsMyb transformed myeloid cells, whether reactivation of v-Myb upon backshift from 42 ± 378C results in reentry into DNA synthesis. Cells were incubated in the presence of EGF and BrdU was allowed to incorporate for 24 h. BrdU incorporation was detected by indirect immuno¯uorescence coupled with¯ow cytometry, using bivariate analysis after counter staining with propidium iodide. Decreased proliferation upon shift from 37 ± 428C is apparent from the distribution of cells in the cell cycle based solely on their propidium iodide staining; the percentage of cells in S phase reduced from 7.8 ± 3.0 and was paralleled by a corresponding increase in the proportion of cells in G0/G1. The BrdU incorporation data additionally show that active DNA synthesis decreases when v-Myb is inactivated (Table 1) . Reactivation of v-Myb by backshift to 378C resulted in an increase in the proportion of cells once more synthesizing DNA, although by simultaneous visible and¯uorescent light microscopic examination of cytospins we observed that terminally dierentiated cells containing melanin granules were unable to re-enter DNA synthesis as compared to the undierentiated`blast-like' cells (data not shown).
Discussion

Transformation of non-haemopoietic cells by v-Myb
We have shown that retroviruses expressing oncogenic forms of c-Myb are able not only to transform haemopoietic progenitor cells but are also capable of infecting and bringing about the expansion of cells most closely resembling melanocyte precursors or melanoblasts. As in haemopoietic cells, the immature phenotype of the Myb transformed melanoblasts is controlled by the activity of Myb, in that its conditional inactivation results in commitment to terminal melanocyte dierentiation. As yet we do not have direct proof that c-Myb regulates the same processes in the equivalent untransformed cell type in vivo.
Our ®nding of Myb-dependent transformation of melanocyte lineage progenitors potentially adds to the growing list of vertebrate tissues which require Myb at some stage in their development. Until now, the only ®rm evidence to imply that c-Myb has a role in a neural crest-derived lineage comes from the studies on smooth muscle. Neural crest-derived smooth muscle cells, as opposed to mesodermally-derived cells, have been shown to express c-Myb Gadson et al., 1997) and gain-and loss-of-function experiments have suggested that c-Myb controls G1/S progression in these cells, possibly through an in¯uence on IGF-1 signalling (Simons et al., 1995) . The expression of the HNK antigen in the v-Myb transformed clones indicated that cells which had not yet irreversibly entered into melanocyte dierentiation were present at 378C. We therefore examined, but found no evidence for, the presence of lineages giving rise to Schwann or glial cells, oligodendrocytes or sensory neurons (data not shown). It will be of great interest to establish whether growth in alternative media or treatment with speci®c factors, such as nerve growth factors, will result in the presence of additional neural crest derived lineages.
Previously published data have shown that v-Myb is able to stimulate proliferation of cells of the chick neuroretina in the presence of bFGF (Amouyel et al., 1989; Garrido et al., 1992a) and to bring about transformation in cooperation with v-Myc (Garrido et al., 1992b) . That our transformed cells are distinct from these is supported by many observations including their phenotypic characterization and their potential to dierentiate into melanocytes expressing markers not found in the retinal cells. Although we 
The role of c-Myb in non-haemopoietic progenitor cells
In haemopoietic cells, c-Myb has been demonstrated or is assumed to control one or more of three basic processes of proliferation, dierentiation and survival through the speci®c regulation of target genes (reviewed in Frampton and Graf, 1998; Weston, 1998; Oh and Reddy, 1999) . Similarly, in Myb transformed haemopoietic progenitors, one or more of these processes appear to be aected by the activity of v-Myb (Frampton et al., 1995 . It seems that in the transformed melanoblast progenitors described here, active Myb aects two processes; ®rstly, it maintains the undierentiated state, and secondly it is required for DNA synthesis. We have no evidence that survival of the melanoblasts is aected upon Myb inactivation. As in myeloblasts, the reversibility of the inactivation of v-Myb allows re-entry into DNA synthesis; however, unlike the terminally dierentiated derivative of myeloblasts, that is macrophage, fully dierentiated melanin-containing cells are unable to dedierentiate when Myb activity is restored. Homozygous inactivation of c-myb in mice should provide an avenue to determine to what extent the protein is necessary for neural crest development. However, the crucial role played by c-Myb in blood formation means that mice homozygous for an inactivated allele of c-myb die in utero at day 14 when they fail to develop de®nitive haemopoiesis (Mucenski et al., 1991) . No detailed histological analysis was reported, including no investigation of the presence of the melanocyte lineage. We are in the process of investigating this. Finally, the ability to conditionally regulate the activity of v-Myb in the transformed melanoblasts in a reversible manner should, in principle, allow for the identi®cation of the relevant target genes of Myb by dierential screening approaches.
Is transformation by v-Myb re¯ecting an oncogenic process giving rise to melanoma?
A growing number of observations suggest an involvement of c-Myb in melanomas. Firstly, chromosomal abnormalities in melanoma cells show disruption of the c-myb locus (Dasgupta et al., 1989) or adjacent regions (Trent et al., 1989) , and elevated c-Myb expression has been observed in melanoma cell lines (Miglarese et al., 1997) . Secondly, Myb has been proposed as an important factor in the formation of melanomas based upon the inhibitory eects of c-myb anti-sense oligonucleotides in vitro and in vivo (Hijiya et al., 1994) . Thirdly, it was recently shown that a murine melanoma-associated retrovirus (MelARV) is able, upon infection of melanocyte cell lines, to be oncogenic by virtue of insertion within the c-maf protooncogene (Li et al., 1998) which, although not known to be a target gene for Myb, is nevertheless known to functionally interact with Myb (Hedge et al., 1998) . Lastly, FGF-2 (bFGF), known to be an autocrine factor involved in the growth of melanomas, was recently shown to be regulated by Myb in vitro (Miglarese et al., 1997) .
The parallels between the transformed avian cells and human melanoma cells are highlighted by the expression of chicken homologues of a number of antigens which characterize the human tumour cells. Thus, we detected expression of the chicken homologue (HEMCAM, Vainio et al., 1996) of a melanomaassociated glycoprotein, MUC18 (Lehmann et al., 1989) , which interestingly, may be a Myb-regulated gene (Sers et al., 1993) . Likewise, vitronectin receptor (integrin avb3), ligand binding to which has been observed to enhance invasiveness of melanoma cells (Seftor et al., 1992) , was frequently increased upon Myb inactivation. Untransformed melanocytes are dependent for growth in culture on stem cell factor (Kit-ligand or SCF) signalling through c-Kit (Lahav et al., 1994) whereas melanoma cells, in particular those lines which are aggressively metastatic, are factorindependent with corresponding down-regulation of cKit (Funasaka et al., 1992) . We were unable to detect c-Kit expression at the cell surface by immunocytochemistry, correlating with a lack of dependence of growth or dierentiation on exogenous SCF (not shown).
c-Myb in relation to other transcription factors involved in melanocyte development and dierentiation
The melanocyte lineage has received considerable attention with respect to the role of transcription factors, partly because of their potential involvement in melanoma development but also because many inherited diseases aecting melanocyte dierentiation have an underlying defect in transcriptional regulation. Thus, the mouse mutation Micropthalmia and the human auditory-pigmentary Waardenberg Syndromes (Boissy et al., 1997; Read and Newton, 1997) are found to have mutations in the Mitf bHLH-zip transcription factor which is crucial for neural crest lineage determination and for the regulation of several melanocyte-speci®c genes (Opdecamp et al., 1997; Yasumoto et al., 1995) . Interestingly, somewhat similar phenotypes are seen in the Splotch mutant and certain variants of WS which carry mutations in the paired homeodomain protein Pax3 (Read and Newton, 1997) , which itself appears to be a positive regulator of Mitf expression (Watanabe et al., 1998) . Our data would suggest that c-Myb, or another Myb factor whose function is being mimicked or in¯uenced by v-Myb, at least controls entry into melanocyte dierentiation, but it remains possible that it also regulates commitment to the lineage. A similar function has been proposed for the POU domain protein Brn-2/N-Oct3 in that it seems to be important in melanocyte dierentiation, perhaps by maintaining an undierentiated phenotype (Eisen, 1996) . Unlike Mitf, Myb appears not to be required as a positive regulator of melanocyte-speci®c genes during dierentiation since this process is initiated upon inactivation of Myb in the transformed cells. Alternatively, it is possible that v-Myb either subverts the role of c-Myb (or one of its homologues) by inhibiting positive regulatory eects of c-Myb on melanocytespeci®c genes (some or all of which may also be regulated by Mitf) or is re¯ecting a negative in¯uence of c-Myb on dierentiation related genes; indeed, such a negative regulatory role for c-Myb has been demonstrated on the c-fms promoter in myelomonocytic cells (Reddy et al., 1994) .
In an analogous fashion to experimental approaches already adopted in haemopoietic cells involving the expression of the protein of interest from a bicistronic retroviral RNA Rossi et al., 1996; Nerlov and Graf, 1998) , it may be possible using this system to study the function in melanocytes and their precursors of speci®c transcription factors in addition to c-Myb.
Materials and methods
Chick embryos
Fertilized eggs from White Leghorn Line 0 chickens were purchased from the Institute of Animal Health, Compton, Berkshire, UK. Eggs were incubated for 3 ± 4 days at 378C in a humidi®ed incubator before embryo removal.
Cell culture
Viral stocks were maintained as ®ltered tissue culture supernatants containing 2% DMSO at 7708C. Blastoderm assays were carried as described . Brie¯y, a single-cell suspension of disrupted chick embryos (H+H stages 17 ± 18; Hamburger and Hamilton, 1951) , dissected from the extra-embryonic and heads, were infected with tsMyb/EGFR or wtMyb/erbB for 30 min at 378C in a volume of 0.6 ml before plating in 3.5 cm dishes in a total of 6 ml of melanoblast medium (DMEM, penicillin/streptomycin, 10% heat-inactivated FCS, 1 mg/ml insulin, 60 mg/ml conalbumin, 80 mM 2-mercaptoethanol, 2.5% methylcellulose). During incubation at 378C in 5% CO 2 , transformed colonies appeared 7 ± 14 days post-infection, and were picked into the same medium for expansion. Clones could be routinely expanded to numbers in excess of 10 8 cells. We were unable to satisfactorily propagate these cells in liquid medium containing no methylcellulose in dishes either untreated or treated with gelatin, collagen or ®bronectin.
Immunocytochemistry
For in situ staining or¯ow cytometric analysis, cells were recovered by dilution in a tenfold excess of PBS, 2 mM EDTA and gentle centrifugation at 1500 r.p.m. for 5 min. Cells were either stained in liquid medium for¯ow cytometry or immobilized on glass slides by cytospin. Cells propagated on slides were not suitable for staining directly owing to the presence of contaminating methylcellulose and the nonadherent nature of the majority of cells. Cytospun preparations were either used directly, or ®xed in 4% paraformaldehyde, and permeabilized with 0.25% Triton X-100 for 1 h as required for the individual antibodies.
Antibodies
Anti-HNK-1 (mouse IgM), anti-SMP (mouse IgG), anti-BEN (mouse IgG) and anti-MEL-EM (mouse IgG) were gifts from Catherine Ziller and Nicole Le Douarin. Anti-c-Kit (mouse IgG) was a gift from Olli Vaino. Anti-avb3 (23C6) was a gift from Professor Horton. The markers MEP17, MEP26, JS3 and MYL51/2 have been described previously . FITC-conjugated polyclonal secondary goat antimouse IgG and IgM antibodies were purchased from Sigma.
RNA analysis
Approximately 10 6 transformed tsMyb/EGFR melanoblasts were recovered from 3.5 cm tissue culture dishes and total RNA preparations and Northern blots were carried out according to standard protocols. For RT ± PCR, 2 mg of total RNA was reverse transcribed by M-MLV reverse transcriptase in a volume of 50 ml. A mock cDNA synthesis was performed as a negative control. 2 ml were used directly as template for 30 ± 40 cycles of PCR using primer pairs directed to the published sequences of chicken HEMCAM, slug, c-kit, melanotransferrin (EOS47) and tyrosinase. c-myb was speci®cally assayed by a primer pair outside the region included in E26 v-Myb (nucleotides 1456 ± 1908). A further primer pair within the shared region were used to assay cmyb and v-myb simultaneously (nucleotides 440 ± 957). Mitf was ampli®ed with a pair of degenerate primers directed to human and mouse Mitf sequences. The primer sequences used reading from 5' to 3' were: Slug (R) CTG CCT TCA AAA TGC CAC GC; Slug (R) TGA CTG CAT GAC TCA GTG TG; Mitf ( 
Analysis of cell cycle status
Cell cycle status was assayed by propidium iodide fluorescence and bromodeoxyuridine incorporation as described . 
